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Abstract: The transition from partially full to full flow in downward sloping pipes often occurs with a 
hydraulic jump that entrains air bubbles downstream in a filled conduit that makes it difficult to define 
the boundary between the air entrainment and air transport behind the jump in circular conduits. With 
the aim of addressing this issue, an experimental investigation that included the measurement of air 
bubble velocities with a high speed camera at distances of 1, 5 and 10 diameters downstream of the 
jump was carried out. The analysis results showed that when the distance beyond the jump was less 
than 10 diameters, the velocity profiles were irregular and influenced by the eddying action of the 
jump; however, when it was greater than 10 diameters, the velocity distribution was very similar to that 
of a typical fully developed velocity profile in a circular conduit.The work concentrated on a mild 
downward slope S = 0.087 ( = 5°) and small Froude numbers ranged from 0.045 to 2.04. 
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1. INTRODUCTION  
Large air pockets can be trapped at high points of gravity and pumping pipelines, as well as sewerage 
pipelines when air valves are not located at summits likely to air accumulation. Even though air valves 
have been placed, they may fail and air would not be exhausted.  When the large air pockets extend 
downstream in a steep slope the critical depth will be larger than the normal water depth, then a 
hydraulic jump can occur. The hydraulic jump at the end of the large pocket will entrain air in form of 
small bubbles. The rate at which the air is removed from the line depends on the ability of the water 
flowing in the pipe below the jump. 
 
Wisner et al (1975) stated that the removal of air bubbles and pockets from pipelines may take place 
in the following ways: (1) Sweeping velocity to denote the minimum flow velocity to transport bodily an 
air pocket or air bubble; (2) Generation refers to the turbulent action at the downstream end of the 
pocket resembling a hydraulic jump which causes air bubbles to be ripped off; (3) Entrainment is used 
to describe the movement of the generated air bubbles to downstream; (4) Clearing velocity is the 
minimum velocity to remove an air pocket from the line. 
 
The aim of the study is to define the boundary between the air entrainment and air transport behind a 
hydraulic jump in circular conduits. The experimental investigation included the measurement of air 
bubble velocities by using a high speed camera at distances of 1, 5 and 10 diameters downstream of 
the jump. The analysis of the experimental results showed that at one diameter beyond the jump the 
velocity profiles were strongly influenced by the eddying action of the jump and the velocity distribution 
was irregular. 5 diameters downstream of the jump the velocity profiles showed a different behaviour, 
but the influence of the jump was still evident. Further, it was observed that 10 diameters behind the 
jump the velocity distribution was very similar to a typical fully developed velocity profile in a circular 
conduit. 
 
2. ENTRAINMENT AND TRANSPORT OF AIR BUBBLES AND POCKETS 
 
Air entrainment is present in hydraulic structures such as siphons, pipelines, vertical dropshafts, weirs, 
etc. The process takes place when a supercritical water jet impacts on a body of water with a lower 
 velocity. When the conduit is steeply inclined the process is described as impinging jet entrainment 
and in a slightly sloping conduit may be termed hydraulic jump entrainment, Ahmed et al (1984). 
2.1 Air entrainment  
Consider an air pocket that ends in a hydraulic jump at the downward sloping pipe. The turbulence 
action at the jump generates small air bubbles. The air entry will depend on different variables, as the 
upstream Froude number of the jet (Kalinske & Robertson, 1943), jet velocity (Kenn & Zanker, 1967), 
the recirculating vortex (Goldring et al, 1980), the surface roughness of the jet (Ervine et al, 1980). 
Chanson (1995) , Chanson & Gualtieri (2008), and Gualtieri & Chanson (2007) noted that viscous and 
surface tension effects are important for air entrainment of hydraulic jumps. Pothof & Clemens (2010), 
Pothof & Clemens (2011) found that the air transport for various flow regimes depends on the water 
flow number, pipe slope, and surface tension. 
 
The air entrainment will be transported along the pipe in form of small bubbles, part of the bubbles join 
and form larger bubbles that travel on the upper half of the pipe. A portion of the air bubbles will return 
upstream. This phenomenon is named detrainment or recirculation. 
 
Ahmed et al (1984), supported on hydraulic model research, stated that air transport as a water-air 
mixture will have a maximum air void fraction  of 42%. The void fraction is given by:  
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where is the air void fraction and   is the ratio of air flow to water flow.  
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where Qa  and Qw  are the air and water flow rate in (m3/s), respectively. 
2.2 Transport of air in pipelines  
The discussion so far has focused on the air entrainment process at the plunge point in hydraulic 
structures. Just as significant is the air bubble transport process downstream of the plunge point. 
When air is entrained at the plunge point it is then either detrained or transported downstream, as 
shown in Figure 1.  
 
 
Figure 1 - Air entrained by a supercritical jet in a closed conduit 
 
 Experimental and theoretical investigations have been conducted to study the ability of the vortices in 
the shear layer to trap air bubbles in their vortex cores and convey them long distances along the 
conduit beyond that expected from the average velocity field. During these investigations, the main 
forces acting on air bubbles downstream of the entrainment point have also been identified. These are 
drag, buoyant, inertia and the lift force due to the shear layer velocity. In addition, dimensional 
numbers have been developed to characterize the air bubbles in the shear layer, Thomas et al (1983) 
and Sene et al (1994).          
 
Ervine (1998) stated that the quantity of air transported along a closed conduit depends not only on 
the rate of air entrainment at the plunge point, but also on the flow conditions downstream of the shear 
layer, as well as on the pipe slope. If flow conditions have exceeded the threshold of air bubbles 
transport, then the single most important parameter affecting transport is the length of the pipe 
downstream of the entrainment point. Based on the above information, it is convenient to divide the 
downstream conduit length into three categories:     
 
Short conduits. Short conduits have a length to conduit diameter ratio (L/D) less than 5. In these 
conduits all the air entrained at the plunge point is transported downstream and removed from the 
pipe.   
 
Intermediate conduits. Intermediate closed conduits have a ratio within 5 < L/D < 20. This length is 
sufficient to transport air bubbles that rise to the conduit roof due to their buoyancy force. Some of the 
bubbles coalesce, forming small air pockets at the conduit roof. In this case the flow regime presented 
is a mixture of air bubbles and small air pockets that may reach the exit of the conduit.  
   
Long conduits. Long conduits have ratio L/D > 20. In this third category, the coalescence of air 
bubbles produces the formation of distinct air pockets at the conduit roof, and will only be removed 
along the downward sloping pipe when the flow has the capacity to transport or exhaust large air 
pockets downstream of the conduit. If the flow does not have this capacity then air pockets grow in 
size and eventually blowback upstream through the jump towards the large air pockets.   
 
The main purpose of this study is to define the boundary between the air entrainment and air transport 
behind a hydraulic jump in circular conduits. The experimental investigation included the measurement 
of air bubble velocities by using a high speed camera at distances of 1, 5 and 10 diameters 
downstream of the jump. Further, the analysis of the images was carried out by using a commercial 
software called OPTIMAS® to determine the velocity fields of the air bubbles.  
 
3. SETUP AND EXPERIMENTAL INVESTIGATION  
 
The experimental apparatus was designed and made of acrylic pipes with a diameter of 100 mm. In 
consequence of the presence of free surface flow the Froude number was used as design criterion. 
Figure 2 shows a picture of the experimental apparatus.  
 
  
Figure 2 - Experimental apparatus 
 
With regard to the scale of the models used for investigated studies, the published literature sheds 
little light on this matter. Pothof & Clemens (2010), Pothof & Clemens (2011) and Pothof (2011) 
suggest that surface tension effects can be considered negligible when the Eötvös number E = D2/ 
is greater than 5000 (or D > 191 mm). For practical reasons it was decided that the internal diameter 
 of 100 mm would be acceptable for the apparatus used during the investigation. Further, the diameter 
appears to be suitable, since it is not small enough to stop completely the air motion. Likewise, 
Mortensen et al (2011) found that the percentage of air entrainment is not affected by the pipe size if 
the full length of the hydraulic jump is contained within the pipe, i.e., size-scale effects of air entrained 
into hydraulic jumps within closed conduits are negligible. 
 
The downward sloping pipe of the test section was 6.8 m in length and could be varied in slope (see 
Figure 3), whereas the horizontal upstream leg of the setup was 6.4 m long. Water was supplied from 
a constant head tank. A centrifugal pump was used to feed the apparatus. The water flow rate was 
regulated by a ball valve placed downstream of the pump discharge. An orifice plate was used to 
measure the flow rates feeding the system that ranged from 0 to 2.5 l/s. The plate had a thickness of 
2 mm and a concentric orifice with diameter of 19 mm with an accuracy of  0.75%. All tests were 
performed at a water temperature of approximately 18°C. 
 
 
Figure 3 – Test section of the experimental apparatus 
 
While the line was flowing full, air was injected into the pipe by using a compressor. Once in the 
experimental apparatus, air tended to accumulate at the control section in form of a large pocket 
ending in a hydraulic jump, this phenomenon has also been described by Walski et al (1994), Pozos 
(2007), Pozos et al (2010 a) and Pozos et al (2010 b). Likewise, the turbulent action of the jump that 
sealed the duct was able to entrain air that was swept downstream by flowing water. It was observed 
that small air bubbles coalesced into air pockets. Depending on the water flow rate and pipe slope, the 
bubbles and pockets either returned to the hydraulic jump or moved downward in the direction of flow. 
 
During the study, a high speed camera was used to measure the mean and instantaneous velocities 
of air bubbles in flowing water downstream of the hydraulic jump to define the boundary between the 
air entrainment and air transport. The two phenomena are presented in Figure 4. 
 
The data acquisition comprised continuous video recording during 3.0 seconds at a rate of 1077 fps 
with a resolution of 896 × 642 pixels. With the purpose of acquiring photographs with the best quality, 
the experimental tests were carried out during night time (from 7-10 pm). The aperture of the camera 
was set with an f-number between 3 and 4, a pupil diameter of 8.33 mm and a lens focal length of 25 
mm. The camera was mounted perpendicular to the direction of the flow in front of the test section at a 
distance of approximately 1.80 m. Source light was provided by two Fresnel lights (650 W). 
 
 
Figure 4 - Limits of air entrainment and air transport 
 
 In order to characterize the behaviour of air bubbles introduced by the hydraulic jump, different frames 
were filmed at three cross sections within the downward sloping pipe i.e., at distances of L/D = 1, 5 
and 10, where L is a distance measured downstream of the hydraulic jump. Due to the limitation in 
space, only part of the experimental results is shown.  
4. EXPERIMENTAL RESULTS 
The main purpose of this investigation was to experimentally define the boundary between the air 
entrainment and air transport behind the hydraulic jump in circular conduits by using a high speed 
camera. Further analyses of the frames were made by a commercial software called OPTIMAS® to 
determine the mean and instantaneous velocities of air bubbles in flowing water downstream of the 
hydraulic jump at distances of L/D = 1, 5 and 10.  
 
The size of the observed air bubbles varied from 1 to 4 mm approximately. Three different water flow 
rates were tested, 0.001 m3/s, 0.0015 m3/s and 0.002 m3/s. Froude numbers ranged from 0.045 to 
2.04. The slope of the downward leg of the facility remained constant during all the experiments at     
S = 0.087 ( = 5°) while the slope of the upstream leg of the facility was set at S = 0. 
 
Figure 5 shows the results obtained at L/D = 1 (one diameter downstream of the jump), which 
indicated very irregular velocity distributions. Due to that the process of air entrainment in the hydraulic 
jumps is unstable and erratic, one diameter beyond the jump the velocity profiles were strongly 
influenced by its turbulent action. Moreover, for the water discharges of 1.5 l/s and 2.0 l/s the return of 
air bubbles was identified in a region close to the roof of the pipe. For these graphics, positive values 
represent a velocity directed towards the exit of the pipeline, while negative values indicate the 
presence of flow reversal. The highest dimensionless velocity for the maximum discharge case is 
1.77, for the intermediate discharge case is 0.92, and for the minimum discharge case is 1.85. 
 
 
Figure 5 - Velocity profiles of the air bubbles at L/D = 1 
 
Figure 6 presents the results obtained at L/D = 5, which showed a slightly different pattern of the 
velocity field with respect to Figure 5, this is confirmed by the reduction of the dimensionless velocities 
( i.e., vinst/vmean). However, the influence of the eddying action of the jump was still evident. Likewise, 
the highest dimensionless velocity for the maximum discharge case is 1.66, for the intermediate 
discharge case is 1.24, and for the minimum discharge case is 1.05. Further, the return of air bubbles 
was not observed during the tests at 5 diameters downstream of the jumps. This means that all the 
bubbles travelled towards the pipeline exit. 
 
 
 
  
                  Figure 6 - Velocity profiles of the air bubbles at L/D = 5 
 
In the same way, figure 7 shows the results obtained at L/D = 10. The plots illustrate that the velocity 
distribution was very similar to a typical fully developed velocity profile in a circular conduit. At this 
location (L/D = 10) all the air bubbles flow with the current. In inclined pipes the mechanism of air 
bubble propagation is more complex because bubble geometry changes with pipe inclination. Since 
the drag forces are usually greater than the buoyant force for small bubbles, these will move 
downstream. During their downward motion, several of the small bubbles joined together to form small 
air pockets. If the pockets continue growing, they will reduce their velocity as a result of the buoyant 
force increase and may return and pass back through the hydraulic jump. In contrast, the air pockets 
will be transported downstream if the flow has enough removal capacity.   
 
              
Figure 7 - Velocity profiles of the air bubbles at L/D = 10 
 
Dimensional analyses by, e.g. Bendiksen (1984), Falvey (1980) or Wisner et al. (1975) indicate that 
the critical velocity needed to transport the air within closed conduit flow is a function of surface 
tension, Froude number, Reynolds number and pipe slope. If the effects of surface tension are 
negligible, the critical velocity for a given pipe slope is proportional to the parameter (gD)1/2, where g is 
gravitational acceleration and D the pipe diameter. There has been a considerable debate on the 
critical velocity required to transport air bubbles and pockets downstream in downward sloping pipes. 
Most researchers have agreed that the dimensionless critical (subscript c) velocity can be expressed 
as a pipe Froude number vc/(gD)1/2, variable with pipe slope S (Kalinske and Bliss 1943, and Kent 
1952).  
 
Therefore, the results shown in Figures 5 to 7 demonstrated that the transport of air bubbles entrained 
by a hydraulic jump begins at a distance of about 10 diameters downstream of the jump.  
 
 The range of Froude numbers F1 and other operating conditions are shown in Table 1. F1 was 
determined by measuring the depth y1 and velocity V1 immediately upstream of the jump toe. The 
Reynolds number of the hydraulic jump is R1 = V1D/. 
 
Table 1 Range of operating conditions for figures 5 to 7  
Q (m3/s) y1 (m) V1 (m/s) F1 ( - ) R1 ( - ) Length of the 
air pocket (m) 
0.0010 0.018 0.327 0.778 32679.74 4.14 
0.0015 0.021 0.390 0.858 38961.04 3.99 
0.0020 0.024 0.426 0.877 42553.19 3.87 
5. CONCLUSIONS 
The experimental investigation demonstrated that the transport of air bubbles entrained by a hydraulic 
jump begins at a distance of about 10 diameters downstream of the jump. The analysis of the 
experimental data showed that when the distance downstream of the jump was less than 10 
diameters, the velocity distribution was irregular and influenced by the turbulent action of the jump; on 
the other hand, when it was greater than 10 diameters, the velocity profiles observed were very similar 
to that of a typical fully developed velocity profile in a circular conduit. 
 
For this study the size-scale effects of air entrained into hydraulic jumps were neglected, since the full 
length of the jumps was contained within the pipe, as stated by Mortensen et al (2011). In the same 
way, for practical reasons it was decided that the internal diameter of 100 mm would be acceptable for 
the experimental apparatus used during the investigation. Further, the surface tension effects were 
considered negligible and the diameter appears to be suitable, since it is not small enough to stop 
completely the air transport. Moreover, there is evidence from previous research that scale effects 
owing to surface tension can be neglected and therefore extending the results to larger pipe diameters 
may be legitimate. 
 
The air entrainment and air transport in water flows are complex subjects, which were addressed in 
this study. The experimental investigation presented in this paper confirmed some previous findings 
and provided new data. However, further work is required to substantiate these findings. 
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